ABSTRACT
INTRODUCTION
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Corresponding author: Dr Hitoshi Hotokezaka, Division of Orthodontics and Dentofacial Orthopedics, Nagasaki University, Sakamoto 1-7-1, Nagasaki 852-8588, Japan. ment will occur as the bone around the tooth remodels. As Proffit 1 stated, tooth movement is primarily a periodontal ligament (PDL) phenomenon since the bone response is mediated by the PDL.
The first histological reports on tooth movement in the early 20th century by Sandstedt  2 and Oppenheim   3 included detailed drawings of histological slides because reproduction by photographs was not yet in use. 4 Experiments performed on the responses of paradental tissues occurring incident to orthodontic tooth movement, expanded later using new technologies of light, 5, 6 electron (SEM), [7] [8] [9] [10] and transmission electron microscopy, 11, 12 have been extensively reviewed. 13, 14 However, the initial change in the thickness of PDL could not be identified because of technical difficulties. In a histological study, the thickness of the PDL is easily influenced by tissue preparation, such as handling, decalcification, and dehydration of the specimen. 15 Furthermore, the number of histological sections is usually limited to a small number per tissue sample. In this way, it is usually not possible to obtain a fully three-dimensional (3D) view of tooth movement.
To assess the adaptive tissue response as a function of time, different animals had to be killed at different time intervals. It was not possible to monitor the in vivo adaptive response within the same animal. To overcome all these limitations, Arai et al [16] [17] [18] developed a micro-CT system for in vivo animal imaging. This micro-CT system is characterized by high-resolution (voxel size of 0.125 mm), quick operation (exposure time, 17 s), low-radiation exposure (about 10 Sv/exposure) and can reproduce 0.02-mm slices. 19 Orthodontic mesial tooth movement of the rat's upper first molar has been most frequently used to study the mechanisms of tooth movement and the response of periodontal tissues. However, the precise tooth movement has not been fully understood because it was difficult to evaluate using the previously available methods. In this study, we examined the rat's molar movement tridimensionally in individual living rats for a 28-day follow-up period by using an in vivo micro-CT. Furthermore, a finite element model (FEM) model of the rat's molar area was constructed, and tooth movement simulations with 10, 25, 50, and 100 g were performed.
MATERIALS AND METHODS
Twenty 10-week-old male young adult Wistar rats (SLC, Shizuoka, Japan; body weight, 230-250 g) were used as experimental animals. All rats were maintained under conventional conditions: 25ЊC Ϯ 2ЊC, 55% Ϯ 5% humidity, and 12-hour light-dark cycle. The rats were fed a commercial diet (MR Breeder, Nihon Nohsan Co, Kanagawa, Japan) and tap water ad libitum. All procedures for animal care were approved by the Animal Management Committee of the High-Tech Center of Matsumoto Dental University. The rats were divided into four groups of five rats each according to the magnitude of the applied force. Nickel-titanium closed-coil springs of 10, 25, 50, and 100 g (Sentalloy, Tomy Inc, Fukushima, Japan) were used to move the maxillary left molar mesially. The appliance was set under anesthesia (intraperitoneal injection of pentobarbital) with a dosage of 60 mg/kg body weight. The appliance set has been previously described 20 ( Figure  1A ,C,D).
Micro-CT (Rigaku Co, Tokyo, Japan) was taken under general anesthesia at day 0 (before and immediately after the appliance was set), 1, 2, 3, 10, 14, and 28 in the same animal ( Figure 1B ). Micro-CT settings were 100 kV and 160 A, with focus object distance of 74.8 mm, focus detector distance (FDD) of 498.8 mm, and image pixel size 30 ϫ 30 ϫ 30 m. Pixel size and pixel number were 480 ϫ 480 ϫ 480, fieldof-view diameter was 14.4 mm, and height was 14.4 mm. Magnification was set at 6.7. At day 28, the rats were killed by CO 2 inhalation.
The image reconstruction at the appropriate cross section was carried out using i-VIEW software (J. Morita MFG Corp, Kyoto, Japan). Tooth movement was measured on the images using landmark points identified on the first molar's crown and roots (Figure 2A , left). The same investigator performed all measurements, and every measurement was repeated three times. The mean value was used as the final measurement. To assess measurement reproducibility, measurements were performed 10 times in one randomly selected rat root. The standard deviation was within 1%.
Measurement of Initial PDL Width Changes (0 to 3 Days)
Mesial and disto-buccal roots were divided into pressure and tension sides by the long axis of the roots. The mesial side was considered the pressure side, and the distal side was considered the tension side. The thickness of PDL was evaluated in the sagittal view by measuring the radiolucent area between the root and the alveolar bone. Point a was located in the apex of the root. Two parallel lines perpendicular to the long axis of the root divided the root into cervical and apical parts. In the mesial root pressure side, point b (apical) and point c (cervical) were registered. In the tension side, point d (apical) and point e (cervical) were recorded. Similarly, the disto-buccal root pressure side points g (apical) and h (cervical) and tension side points i (apical) and j (cervical) were measured. Point f was located in the apex of the root. Point m indicates tooth movement rate at the coronal level and was determined by the change in distance between the closest two points in the crowns of the first (M1) and second molar (M2) (Figure 2A, left) .
Changes in the Vertical Plane (0, 10, 14, and 28 Days)
The changes in the vertical plane were measured at two sites: mesial and distal sulcus of the upper first molar in relation to the palatal plane. The palatal plane was defined as the line tangent to the lower border of the palatal vault (Figure 2A, right) .
Angular Measurements
Changes in molar position were evaluated longitudinally by angular measurements ( Figure 2B ). The mesial root inclination angle was used to evaluate tooth movement in the sagittal plane. This angle was formed by the intersection of the long axis of the mesial root and the palatal plane. Disto-buccal and disto-palatal root-palatal plane angles evaluated the inclination of the molar in the coronal plane. These angles were formed by the intersection of the disto-buccal or distopalatal root axis planes and the palatal plane. The axial rotation angle evaluated tooth movement in the axial plane. This angle was formed by two planes. One was the plane through the midpoints of the mesial and disto-buccal roots and the other the palatal suture.
Finite Element Method
We constructed a 3D FEM of the region of the maxillary molar, which consisted of 22,500 isoparametric tetrahedral-node solid elements and 4666 nodes (Table 1). Our model was created from micro-CT images of one rat using Mimics 11.11 (Materialise Software, Leuven, Belgium), Marc Mentatா software (MSC Software Corp, Santa Anna, Calif), and Patranி 2007 r2 (MSC Software Corp). The geometry of the model was based on the measurements from micro-CT images taken from the control molars. The width of the PDL was set at 0.2 mm. Young's modulus of the tooth, PDL, and bone were assumed to be 19,600 MPa, 0.7 MPa, and 13,700 MPa, respectively. Poisson ratio of the tooth, PDL, and bone were 0.15, 0.49, and 0.15, respectively. The mechanical properties of the PDL, tooth, and alveolar bone are indicated in Table 1B . To simulate orthodontic loads 10-, 25-, 50-, and 100-g forces were applied in the same direction of the in vivo orthodontic force. Movement was suppressed in 6 degrees of freedom for the nodes on the bottom edge of the alveolar bone. Tooth displacement and stress distribution analyses were performed using Marcா software (MSC Software Corp).
3D Superimposition
To visualize final tooth movements, 3D superimpositions were performed at day 28. The contours of the clinical crowns of the upper second and third molars were superimposed on those of the second and third molars from a pretreatment micro-CT image using commercial software (Imageware 9, UGS PLM Solutions, Plano, Texas). The superimposing method has been previously described. 21 The superimpositions were performed within the same rat's material.
Statistics
Statistical analysis was performed with SPSS version 16.0 (SPSS, Chicago, Ill). The data were subjected to analysis of variance followed by Bonferroni adjustments for multiple comparisons among groups of rats.
RESULTS
The 3D reconstructed images showed the molar region and its surrounding bone. The PDL was observed as a radiolucent band between dentine and bone. The longitudinal evaluation of control molars (no tooth movement) indicated that the thickness of the PDL was not uniform (mean ϭ 0.15 mm).
Initial PDL Changes
Point a indicated an intrusion movement of the mesial root at day 1. The evaluation of the pressure side of mesial roots showed a reduction of the PDL width at the cervical portion of the root (point c), whereas at the apical portion of the root (point b), the PDL width increased. In the tension side, the opposite picture was observed. There was an increase in the PDL width at the cervical portion of the root (point e) and a diminution of PDL width at the apical part of the root (point d). In the distal root, point f indicated an extrusion movement of the root. The PDL width was reduced in the pressure side (points g, h), while an increase was observed at points i and j (tension side; Figure 3 ).
Tooth Movement
At day 0, 1 hour after the coil spring was set, small tooth movement was observed. From day 1 to day 10, the amount of tooth movement gradually increased for all groups of forces. At day 14, there was a remarkable increase in tooth displacement when 10 g of force was applied. At day 28, tooth movement increased by more than two-fold in the 10-g group (Figure 3 ).
Linear Changes in the Vertical Plane
The mesial sulcus distance decreased gradually with time, indicating an intrusion movement of mesial root. A statistical difference among groups was found at day 28 when 50 and 100 g of force was applied ( Figure 4A ). The distal sulcus distance slightly decreased with time, indicating an intrusion movement of the distal roots. This trend was observed in all groups except for the 10-g group, which showed an abrupt increase in this measurement after 14 days. This suggests that 10 g of force application caused a different pattern of tooth movement: extrusion of the distal roots ( Figure 4B ).
Angular Measurements
The mesial root-palatal plane angle did not show any significant change when 25, 50, and 100 g of force were applied. However, at day 28, the 10-g-force group showed an increase in this angle, indicating mesial tipping of the molar. The axial rotation angle indicated that the molar had a slight mesial rotation tendency that increased with time. The disto-buccal rootpalatal plane angle and the disto-palatal root-palatal plane angle showed almost the same trends because the roots are parallel with each other. However, the 10-g group showed a remarkable decrease in both angles, indicating more palatal inclination when compared with the rest of the groups ( Figure 5 ).
FEM
FEM analysis revealed that the major stress was produced on the cervical part of the disto-buccal root while the secondary stress was produced on the middle part of the mesial root ( Figure 6 ). The root surface curves of maximum stress indicated that the magnitude of stress distribution was dependent on force magnitude. The simulation of the initial displacement of the molar immediately after orthodontic load showed a complex molar movement. Mesial and palatal tipping movement occurred simultaneously with intrusion of mesial root and extrusion of distal roots. The results were in agreement with the 3D superimposition (Figure 8) . Furthermore, the center of rotation of the maxillary upper first molar was located in the center of five roots (apical third; Figure 7 ).
DISCUSSION
The clinical picture of orthodontic tooth movement consists of three phases: an initial and almost instan- taneous tooth displacement; delay, during which no visible movement occurs; and a period of linear tooth movement. 22 Our results confirm the classical knowledge that when an orthodontic force is applied, tooth movement occurs in the direction of the force, by narrowing the PDL at the site of compression, with subsequent resorption of the alveolar bone. A widened PDL on the tension side indicates some kind of bone apposition.
These changes in the PDL thickness were found until day 3. From day 10, the PDL regained its normal width. For this reason, we evaluated tooth movement by measuring angles at day 0, 10, 14, and 28. From day 1 until day 3, a slight increase in tooth movement was observed. From day 3 to day 10, the lag period was observed in all force magnitudes, showing relatively low rates of tooth displacement or no displacement. It has been suggested that the lag phase is pro- Figure 3 . Left: micro-CT reconstructed images of mesial (M) and disto-buccal (DB) roots. These images were defined as planes through the center of mesial and disto-buccal roots perpendicular to the palatal plane and parallel to the palatal suture. The PDL was observed as the radiolucent area between dentine (De) and bone (Bo). Initial changes in the thickness of the PDL were measured at points a, b, c, d, e, f, g, h, i, j, and m. * P Ͻ .05; ** P Ͻ .03 compared with 10 g. duced by hyalinization of the PDL in areas of compression. 23, 24 No further tooth movement occurs until cells complete the removal of all necrotic tissues. 25 After the lag period, the rate of movement gradually increased until day 28 when 25, 50, and 100 g were applied. However, 10-g force application showed a two-fold tooth movement rate from day 14 to day 28. This could be because the 10-g force application was the lightest force used in this study. As Sandstedt Instead, undermining resorption occurs in the neighboring marrow spaces of the alveolar bone, and subsequently the bone and the compressed soft tissue in the region of the greatest pressure are removed.
When all the necrotic material is removed, the tooth assumes a new position. This interesting biologic reaction of the alveolar bone explains the fact that even by using heavy forces, orthodontic results are also obtained.
As tooth movement in rat molar is produced by a single force, our results may differ from orthodontic treatment in humans. To clarify a complex variety of force systems, further investigation is still needed.
CONCLUSIONS
• Longitudinal evaluation of tooth movement by in vivo micro-CT revealed the precise 3D motion; mesial inclination, extrusion of distal roots (disto-buccal and disto-palatal), intrusion of mesial root, slight palatal inclination, and mesial rotation of the molar. • Although the initial tooth movement after the application of different force magnitudes until day 3 was not remarkably different, 10 g of force produced more tooth movement compared with heavier forces at day 28.
